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NOMENCLATURE 


A 

An 

ALP  BL,  ALP-BR 
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BETA-T 

BSM 

CATOT 

CLLOT 

CLNOT 

CLNL,  CLNR 
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2 

Reference  area.  38.736  In. 
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SRB  angle  of  attack,  left  and  right  SRB,  deg 

CIS  pitch  drive,  deg 

0  +  ET  angle  of  attack,  deg 
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0  +  ET  sideslip  angle,  deg 
CTS  model  sideslip  angle,  deg 

Booster  Separation  Motor 


0  +  ET  total  axial-force  coefficient,  total 
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0  +  ET  rolling-moment  coefficient,  rolling 
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0  +  ET  yawing-moment  coefficient,  yawing 
moment/Q8*A*L 


SRB  aero  yawing-moment  coefficient,  left  and 
right  SRB,  CLNTL  -  (MZJL/Q8*A»L)  or  CLNTR  - 
(MZJR/Q8*A»L) 

SRB  total  yawing-moment  coefficient  from  both 
aerodynamic  and  thrust  loads,  left  and  right  SRB, 
yawing  moment/Q8*A*L 


0  +  ET  pitching-moment  coefficient,  pitching 
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0  +  ET  normal-force  coefficient,  normal  force/Q8*A 
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Model  configuration  designation 
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DEL-YL,  DEL-YR 

DEL-ZL,  DEL-ZR 

ETAC 

FNJL,  FNJR 

FYJL,  FYJR 

v» 
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L 
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MIL,  MIR 
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Relative  longitudinal  separation  distance  of 
SRB  nose  from  mated  position,  positive  aft,  in. 
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Relative  vertical  separation  distance  of  SRB 
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CTS  aft  yaw  drive,  deg 


SRB  thrust  normal  force,  left  and  right  SRB, 
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Supply  pressure  of  the  venturi  mass  flow  meter, 
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Orbiter  base  pressure,  psia 

Orbiter  balance  cavity  pressure,  psia 
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0  +  ET  roll  angle,  deg 
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RUN 
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TA 

TDP 

TO 

T8 

X 

XC 

Y 

YAWC 

YPOT1 ,  YP0T2 
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ZC 


Data  set  identification  number 
Solid  rocket  booster 

Supply  temperature  of  venturi  mass  flow 
meter,  °R 

Dev  point  temperature  of  the  air  in  the  high 
pressure  bottle  used  to  supply  the  BSM  jet 
simulation,  ®F 

Tunnel  stilling  chamber  temperature,  °R 

Free-s tream  static  temperature,  aR 

CTS  model  axial  position,  in. 

CTS  axial  drive,  in. 

CTS  model  lateral  position,  in. 

CTS  forward  yaw  drive,  deg 

Potentiometer  readings  of  the  forward  and 
aft  drive  motors  on  the  SRB  strut  assembly 
(Phase  I  only),  in. 

CTS  model  vertical  position,  in. 

CTS  vertical  drive,  in. 


MODEL  CONFIGURATION  DESIGNATION 


The  following  nomenclature  was  used  to  designate  the  model  components 
in  the  test  summaries  and  the  data  package. 


0 (Orb iter)  -  B62C12E44F10M16N89N103R5V8W116 
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SYMBOL 

COMPONENT  DESCRIPTION 
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Body 
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Body  Flap 

«16 
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MPS  Nozzles 
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V8 

Vertical  tail 
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Wing 

ET(  External  Tank) 
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-  T35AT2gAT1  3qAT1  3jFL  ^  qFL1  jFR1  qfr1  4FRi 5^*1 6^1 7 

FRi 8FR1 9PT23PT25PT26PT29PT33PT39 

SYMBOL 

COMPONENT  DESCRIPTION 

T35 

Modified  vehicle  5  ET 

AT28 

Aft  orbiter/ET  attach  structure 

AT130 

Forward  orbiter/ET  attach  structure 

at,31 

Aft  orbiter/ET  attach  structure  cross-mother 

*10 

LH2  Feedline 

FLU 

L02  Feedline 

raio 

Fairing 
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SYMBOL 


COMPONENT  DESCRIPTION 


^14 

ET  nose  cable  fairing 

FRi5 

ET  nose  fairing  for  PT3g 

^16 

L02  feedline  (FL^ 1 )  Fairing 

FRl? 

L02  anti-geyser  line  (PT23)  fairing 

**18 

Aft  electrical  conduit  (PT23)  fairing 

**19 

LH2  pressure  line  (PT33)  fairing 

pt23 

L02  recirculation  line 

PT25 

Aft  electrical  line 

PT26 

L02  pressure  line 

pt29 

Electrical  conduit 

pt33 

LH2  pressure  line 

PT39 

ET  nose  probe 

• 

SRB(Solld  Rocket  Roo.tct)  -  S24K,o1^02WS2OPS26PS27PS28PS29 

PS31PS32PS33PS34PS35 

where 

SYMBOL 

COMPONENT  DESCRIPTION 

Modified  vehicle  5  SRB 

Forward  booster  separation  motor  nozzle  block 
Aft  booster  separation  motor  nozzle  block 
SRB  nozzle 

Electrical  cable  tunnel 
SRB  aft  attach  ring 

Separation  motor  nozzle  actuator  struts 
Aft  booster  separation  motor  fairing 


SYMBOL 

COMPONENT  DESCRIPTION 

PS29 

Tiedown  struts  (4) 

PS31 

Command  antennae  (2) 

PS32 

Data  capsule  camera 

PS33 

Intermediate  structural  rings  (3) 

PS34 

Aft  cable  housing 

PS35 

Aft  structural  ring 
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1.0  INTRODUCTION 


The  work  reported  herein  was  performed  by  the  Arnold  Engineering 
Development  Center  (AEDC) ,  Air  Force  Systems  Command  (AFSC) ,  under 
Program  Element  921 E01 ,  Control  Number  9E01 ,  at  the  request  of  NASA/ 
Johnson  Space  Center,  Houston,  TX  77058  for  the  Rockwell  International 
(RI)  Space  Systems  Group,  Downey,  CA  90241.  The  NASA  project  manager 
was  M.  K.  Craig  and  the  RI  project  engineers  were  H.  S.  Dresser,  J.  W. 
McClymonds,  R.  H.  Spangler,  and  R.  P.  Clark.  The  results  were  obtained 
by  Calspan  Field  Services,  Inc. /AEDC  Division,  operating  contractor  for 
the  Aerospace  Flight  Dynamics  testing  effort  at  the  AEDC,  AFSC,  Arnold 
Air  Force  Station,  Tenhessee.  The  tests  were  conducted  in  the  von 
Karman  Gas  Dynamics  Facility  (VKF)  supersonic  Tunnel  A  during  the  period 
of  9-31  March  1982  under  AEDC  Project  Number  C696VA  (Calspan  Project 
Number  V41A-1G). 

The  primary  test  objectives  were  to  obtain  proximity  interference 
aerodynamics  of  the  Space  Shuttle  Vehicle  Orbiter/External  Tank  (0  +  ET) 
and  Solid  Rocket  Boosters  (SRB)  during  separation  maneuvers  both  with 
and  without  the  Influence  of  the  SRB's  booster  separation  motors  (BSM) , 
refine  the  separation  aerodynamic  uncertainties  during  vehicle  staging, 
and  expand  the  BSM  jet-off  data  base.  Visual  documentation  at  selected 
test  conditions  and  attitudes  of  the  BSM  plume  interaction  was  recorded 
using  the  tunnel  schlleren  system. 

The  test  program  was  accomplished  in  a  two  phase  effort.  Phase  I 
testing  utilized  a  dual  SRB  installation  with  active  BSM  simulation  at 
various  jet  to  free-stream  pressure  ratios.  Other  test  variables 
included  0  +  ET  angle  of  attack  (-10  to  +10  deg),  0  +  ET  sideslip  (0 
to  +10  deg),  SRB  angle  of  attack  (-17  to  +10  deg),  SRB  sideslip  angle 
(-17  to  +10  deg),  and  SRB  roll  angle  (0  and  3  deg).  The  staging  process 
was  simulated  by  moving  the  0  +  ET  model  away  from  the  SRB's  using  the 
tunnel's  6  DOF  Captive  Trajectory  System  (CTS).  The  full-scale  separa¬ 
tion  varied  longitudinally  from  0  to  200  in.,  laterally  0  to  150  in., 
and  vertically  from  0  to  280  in.  The  start  point  for  all  positioning 
sequences  was  the  mated  position,  which  is  defined  to  be  the  launch  con¬ 
figuration.  Six-component  force  and  moment  data  on  the  0  +  ET  and  4- 
component  force  and  moment  data  on  each  SRB  were  obtained. 

The  Phase  II  entry,  designed  to  expand  the  BSM  plume-off  data 
base,  also  utilized  the  positioning  flexibility  of  the  CTS  to  locate 
a  single  SRB  (right)  relative  to  the  0  +  ET  configuration.  The  full- 
scale  separation  variables  included  longitudinal  distances  from  0  to 
1700  in.  with  lateral  and  vertical  separation  of  0  to  800  in.  and  0  to 
1000  in.,  respectively.  SRB  angle  of  attack  (-44  to  +10  deg)  and  side¬ 
slip  angle  (-30  to  +18  deg)  were  also  varied.  The  entire  matrix  was 
repeated  at  selected  0  +  ET  angle  of  attack  and  sideslip  angle  combina¬ 
tions  from  -10  to  +10  deg.  Mated  position  again  served  as  the  starting 
point  for  the  grid  sequences.  Six-component  force  and  moment  data  on 
the  0  +  ET  and  4-component  force  and  moment  data  on  the  SRB  were  obtained. 
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Typically  the  data  were  obtained  in  a  hypercube  test  matrix 
format.  Hypercubes  are  a  data  management  technique  whereby  discrete 
test  data  points  are  selected  to  represent  the  boundaries  of  nominal 
and  off-nominal  trajectory  paths.  The  trajectory  paths  are  identified 
in  multi-dimensional  space  (the  number  of  dimensions  is  equivalent  to 
the  number  of  test  variables)  of  which  the  corners,  when  projected  in 
a  2D  plane,  represent  the  required  data  points  that  give  the  best 
linear  interpolation  during  execution  of  off-line  trajectory  programs. 
The  use  of  hypercubes  avoids  obtaining  voluminous  and  often  unnec¬ 
essary  test  data.  In  addition,  trajectory  and  isolated  vehicle  test 
matrices  were  completed  for  both  phases,  as  well  as  an  asymmetry 
matrix  (i.e.,  asymmetry  between  SRB  and  0  +  ET  arrangement)  in  Phase 
I.  An  asymmetry  matrix  was  not  required  for  the  Phase  II  entry  as 
the  installation  was  asymmetric  by  definition.  All  testing  was 
accomplished  at  Mach  4.5  and  free-stream  unit  Reynolds  number  of  1.5- 
million/ft.  The  trajectory  matrix  was  also  run  at  Mach  4.0  and  free- 
stream  unit  Reynolds  number  of  1.3-million/ft. 

The  tests  complement  similar  entries  designated  IA40,  IA142, 
and  IA143  conducted  in  Tunnel  A  during  1976. 

All  test  data  have  been  transmitted  to  the  Rockwell  Inter¬ 
national  Space  Systems  Group  and  NASA/JSC  as  described  in  Table  1. 
Inquiries  to  obtain  copies  of  the  test  data  should  be  directed  to 
NASA/Johnson  Space  Center,  EX43,  Houston,  TX  77058.  Only  a  micro¬ 
film  record  has  been  retained  in  the  VKF  at  AEDC. 

2.0  APPARATUS 


2.1  TEST  FACILITY 

Tunnel  A  (Fig.  1)  is  a  continuous,  closed-circuit,  variable  density 
wind  tunnel  with  an  automatically  driven  flexible-plate-type  nozzle 
and  a  40-  by  40-in.  test  section.  The  tunnel  can  be  operated  at  Mach 
numbers  from  1.5  to  6  at  maximum  stagnation  pressures  from  29  to  200 
psia,  respectively,  and  stagnation  temperatures  up  to  750°R  at  Mach 
number  6.  Minimum  operating  pressures  range  from  about  one-tenth  to 
one-twentieth  of  the  maximum  at  each  Mach  number.  The  tunnel  is  equipped 
with  a  model  injection  system  which  allows  removal  of  the  model  from 
the  test  section  while  the  tunnel  remains  in  operation.  A  description 
of  the  tunnel  and  airflow  calibration  information  may  be  found  in  the 
Test  Facilities  Handbook  (Ref.  1). 


2.2  TEST  ARTICLES 

The  test  articles  were  0.01-scale  stainless  steel  and  aluminum 
models  of  the  space  shuttle  vehicle  (designated  model  75/72  OTS) 
orbiter,  external  tank,  and  solid  rocket  boosters.  The  orbiter  b* x  1  •/ 
was  the  140C  modified  configuration  with  the  140  A/B  wing.  The 
external  tank  was  built  to  the  VC78-000002C  lines  and  the  solid  r<u  ket 
boosters  were  built  to  the  VC77-000002  specifications.  Model  config¬ 
uration  designations  are  provided  in  the  nomenclature.  Component 
guidelines  are  included  in  Ref.  2.  Model  details  are  shown  in  F i .. .  2, 
and  Fig.  3  gives  a  three-view  drawing  of  the  integrated  vehicle. 


11 


Model  configuration  components  remained  constant  throughout  t  iie 
tests,  except  for  the  SRB  separation  motor  thrust  vector  which  was 
manually  offset  3-deg  more  inboard  during  part  of  the  Phase  I  tra¬ 
jectory  runs.  Nominal  20-deg  BSM  thrust  vector  outboard  of  the 
vertical  centerline  was  common  for  all  other  test  data.  Orbiter 
control  surface  deflections  were  set  at  zero  for  these  tests.  All 
aerodynamical ly  relevant  surface  protrusions  and  penetrations  were 
simulated  except  for  the  SRB  attach  structure  to  the  ET. 

The  booster  separation  motors  consisted  of  four-nozzle  clusters 
at  the  extreme  forward  and  aft  ends  of  each  SRB.  Full-scale  dimensions 
were  maintained  except  where  it  was  necessary  to  provide  nozzle  con¬ 
tour  changes  for  proper  plume  simulation  and  sufficient  wall  thickness 
to  fabricate  the  nozzles.  The  model  BSM  nozzle  geometry  was  baseil  on 
pretest  calibrations  performed  by  RI  during  which  the  geometry  (throat 
diameter,  expansion  angle)  was  adjusted  to  obtain  the  desired  free- 
flight  combination  of  plume  shape,  chamber  pressure,  and  thrust.  Air 
was  supplied  to  each  nozzle  cluster  through  a  common  plenum.  The 
model  was  constructed  such  that  both  forward  and  aft  plenums  operated 
at  the  same  pressure. 

• 

The  Phase  I  installation  (see  Fig.  4)  included  dual  SRB's  each 
mounted  to  a  4-component  flow-through  balance  on  a  special  support  system 
(see  Fig.  5)  attached  to  the  primary  tunnel  support.  The  RI  fabricated 
SRB  support  rig  combines  manual  and  remote  adjustments  for  model 
positioning.  The  support  mechanism  is  capable  of  manual  changes  in 
pitch  of  each  SRB  independently  from  -25  to  +25  deg  in  1-deg  increments 
(half-degree  increments  for  odd  numbered  angles),  as  well  as  providing 
for  yaw  of  the  entire  support  assembly  in  5-deg  increments.  Pinned 
position  settings  allow  for  vertical  position  changes  also.  Remote 
simultaneous  lateral  displacement  and  sideslip  angle  was  accomplished 
by  using  two  electric  motors  each  driving  a  worm  gear.  Two  offsets 
accommodating  the  SRB's  balance-sting  were  designed  and  fabricated  for 
this  test  to  permit  greater  sideslip  angle  at  close-in  (small  lateral 
displacement  from  mated  position)  separations  than  previously  obtain¬ 
able.  The  0  +  ET  was  mounted  to  a  6-component  balance  on  the  CTS. 

Model  inversion  was  required  for  the  Phase  II  installation  (see 
Fig.  6)  since  the  single  SRB  (right)  was  mounted  on  the  CTS.  The 
0  +  ET  model  was  mounted  on  a  special  single  support  mechanism  attached 
to  the  primary  tunnel  support.  This  device  allows  for  manual  pitch 
clutch  face  changes  of  0  to  25  deg  in  5-deg  increments  while  providing 
yaw  angle  adjustment  for  the  entire  rig  in  5-deg  increments,  as  well 
as  vertical  positioning  at  several  pin  settings.  Vertical  relocation 
of  the  support  rig  is  required  to  keep  the  lower  model  in  the  same  area 
of  the  test  section  and  free  from  the  influence  of  the  tunnel  boundary 
layer  as  the  model  pitch  angle  is  changed.  The  same  considerations  for 
the  CTS  model,  as  well  as  the  CTS  drive  limits,  are  included  in  determin¬ 
ing  the  vertical  shaft  pinned  position.  The  model/balance  arrangements 
were  the  same  as  used  in  Phase  I. 

In  both  phases,  base  and  balance  cavity  pressures  were  obtained 
on  the  orbiter  model.  The  measurement  locations  are  shown  in  Fig.  7. 


2.3  TEST  INSTRUMENTATION 


A  six  component  moment-type  balance  was  used  in  the  0  +  ET 
and  four-component  moment-type  flow-thru  balances  were  used  in  the 
SRB's.  The  0  +  ET  was  mounted  to  the  Captive  Trajectory  System  (CTS) 
in  Phase  I  and  the  right  SRB  was  mounted  on  CTS  in  Phase  II.  The 
CTS  (Ref.  3)  consists  of  a  model  support  with  electro-mechanical 
drive  systems  for  six  degrees  of  freedom  and  is  attached  to  the  top 
of  Tunnel  A  as  shown  in  the  conceptual  drawing  given  in  Fig.  8.  The 
axial  and  vertical  motions  (XC  and  ZC)  are  obtained  using  linear  drive 
units  while  lateral  motion  is  achieved  by  rotating  the  roll-pitch-yaw 
support  arm  about  the  vertical  support  arm  at  the  vertical  suppori 
axis  with  the  aft  yaw  mechanism  (ETAC)  and  compensating  for  the  result¬ 
ing  yaw  with  the  forward  yaw  mechanism  (YAWC) .  The  forward  yaw  and 
pitch  (ALPHAC)  motions  are  obtained  through  two  kunckle  joints  with 
axes  90  deg  to  each  other  (the  pitch  axis  is  upstream  of  the  yaw  axis), 
and  finally  the  most  upstream  motion  of  the  system  is  the  roll  (I'lllCB). 

The  excursion  bands  and  rates  of  travel  of  the  CTS  drives  are  given  in 
Table  2.  The  measuring  devices,  recording  devices,  calibration  method, 
and  estimated  measurement  uncertainties  of  the  six  degree  of  freedom 
motions  of  the  CTS  along  with  all  other  measured  parameters  are  given 
in  Table  3. 

Remote  positioning  of  the  SRB's  in  the  Phase  I  test  was  accomplished 
with  a  specially  designed  position  controller.  The  controller  incorporated 
existing  tunnel  pitch  and  roll  system  electronics  with  computer  interface 
to  position  the  two  potentiometers  of  the  SRB  separation  rig. 

Model  flow-field  photographs  were  obtained  using  the  Tunnel  A 
double-pass  optical  flow  visualization  system.  Color  schlieren  stills 
and  movies  (both  high  speed  and  low  speed)  were  made  at  selected  test 
conditions  and  model  attitudes  using  this  system.  Video  cassette 
recordings  of  the  schlieren  screen  provided  continuous  documentation 
of  the  test. 

3.0  TEST  DESCRIPTION 


3.1  TEST  CONDITIONS 

A  summary  of  the  nominal  test  conditions  at  each  Mach  number  is 
given  below. 

MACH  P0,  psia  TO,  °R  Q8,  psia  P8,  psia  RE/FT  x  10 


At  some  test  conditions,  particularly  at  sub-atmospheric  stag¬ 
nation  pressures,  the  air  humidity  level  affects  the  test  section  Mach 
number.  The  Tunnel  A  sidewall  Mach  number  probe  is  used  periodically 
when  testing  at  these  conditions  to  monitor  deviations  from  the  stan¬ 
dard  calibrated  Mach  numbers.  When  a  deviation  is  measured,  the  free- 
stream  conditions  are  corrected  and  the  actual  Mach  number  is  printed 
on  the  data  tabulations. 

Test  summaries  showing  all  configurations  tested  and  the  vari¬ 
ables  for  each  are  presented  in  Table  4  (Phase  I)  and  Table  5  (Phase  II). 

3 . 2  TEST  PROCEDURES 

3.2.1  General 

For  CTS  tests  in  the  continuous  flow  wind  tunnels  (A,  B,  C) ,  i  ie 
parent  lower  model  is  mounted  on  a  sting  support  mechanism  in  an 
installation  tank  directly  underneath  the  tunnel  test  section.  The 
tank  is  separated  from  the  tunnel  by  a  pair  of  fairing  doors  and  a 
safety  door.  When  closed,  the  fairing  doors,  except  for  a  slot  for 
the  pitch  sector,  cover  the  opening  to  the  tank  and  the  safety  door 
seals  the  tunnel  from  the  tank  area.  After  the  parent  model  is  pre¬ 
pared  for  a  data  run,  the  personnel  access  door  to  the  installation 
tank  is  closed,  the  tank  is  vented  to  the  tunnel  flow,  the  safety  and 
fairing  doors  are  opened,  the  model  is  injected  into  the  airstream  using 
the  short  inject  stroke,  and  the  fairing  doors  are  closed.  The  short 
inject  stroke  is  used  to  keep  the  sector  out  of  the  airstream.  This 
reduces  the  possibility  of  tunnel  blockage  and  also  provides  for  more 
maneuverability  of  the  CTS  by  reducing  mechanical  interference.  The 
models  are  positioned  and  the  data  obtained.  After  this,  the  sequence 
is  reversed  and  the  tank  is  vented  to  atmosphere  to  allow  access  i o  the 
model  in  preparation  for  the  next  data  set.  The  sequence  is  repeated 
for  each  configuration  change.  CTS  model  configuration  changes  require 
a  tunnel  shutdown  to  gain  access  to  the  model  since  the  CTS  cannot  be 
retracted  from  the  airstream.  CTS  model  configurations  remained  con¬ 
stant  for  the  tests. 

CTS  (upper)  model  attitude  and  positioning  and  data  recording  were 
accomplished  using  the  CTS  in  the  grid  mode  of  operation.  The  grid 
matrices,  which  are  tables  of  model  attitude  and  position,  were  loaded 
into  the  DEC  10  computer  prior  to  the  test.  During  the  test,  the  required 
grid  was  selected  and  the  positioning  of  the  model  was  controlled  by  the 
computer  which  automatically  recorded  all  the  data  inputs  at  each  grid 
point  location.  The  process  was  repeated  until  the  grid  matrix  was  com¬ 
pleted.  The  data  recording  for  the  parent  model  was  accomplished  using 
the  tunnel  data  acquisition  system  which  was  also  automatically  controlled 
by  the  computer. 

Initial  alignment  of  the  upper  and  lower  models  was  provided  by 
precision  wind-off  alignment  using  a  docking  spike  and  fixed  target 
system.  Aerodynamic  deflection  of  the  models  and  model  support  was 
assumed  to  be  negligible. 
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Prior  Co  initiating  the  Phase  1  test,  two  calibrations  were  per¬ 
formed.  The  first  calibration  provided  BSM  plenum  chamber  pressure 
correlation  to  SRB  sting  pressure  levels.  This  was  required  as  the 
chamber  pressure  tubing  would  affect  balance  measurements.  Once  the 
calibration  was  complete,  the  tubing  was  cut  and  crimped  at  the  base 
of  each  SRB.  During  testing,  sting  pressures  were  set  to  achieve 
desired  chamber  pressure  levels.  The  right  SRB  sting  pressure  was 
monitored  for  these  set  points.  The  chamber  pressure  levels  were 
naturally  balanced  between  the  two  SRB's  without  the  use  of  throttling 
devices  in  each  supply  line.  Sting  pressure  to  BSM  thrust  components 
were  also  calibrated  prior  to  test  start.  This  was  incorporated  into 
the  data  reduction  program  to  provide  SRB  forces  and  moments  with  and 
without  the  BSM  thrust  loads.  As  previously  mentioned,  the  thrust 
calibration  was  repeated  each  test  shift  as  a  check  on  the  balances 
and  mass  flow  system.  The  Phase  II  test  had  no  BSM  simulations  thus 
these  calibrations  were  not  required. 

During .Phase  I  testing,  the  sequence  of  events  is  outlined  in  the 
following.  The  SRB's  pitch  and  roll  and  the  separation  rig  yaw  and 
vertical  positions  were  manually  set  to  the  desired  locations.  (SRB 
pitch  angle  was  actually  set  1 .0  deg  more  positive  than  required  to 
nominally  compensate  BSM  thrust-induced  deflection.)  The  CTS  was  then 
manually  driven  to  position  the  0  +  ET  for  initial  alignment.  Once 
this  was  accomplished,  CTS  operation  was  switched  to  computer  control 
for  grid  execution  providing  relative  pitch,  axial,  and  vertical  separa¬ 
tions  .  The  SRB  separation  rig  was  used  to  set  relative  lateral  positions  aid 
‘sideslip  angles.  This  operation  was  also  computer  controlled  utilizing 
the  Model  Attitude  Control  System  (MACS)  and  control  hardware  specifi¬ 
cally  fabricated  for  this  test.  High  pressure  air  supplied  the  BSM 
plenums  through  the  Tunnel  A  auxiliary  mass  flow  system.  The  SRB  sting 
pressure  was  set  automatically  by  a  proportional  Integral  derivative 
(PID)  process  controller.  Once  the  BSM  simulation  parameters  were  set, 
the  SRB's  and  then  the  Q  +  ET  were  positioned.  Vertical-plane  deflec¬ 
tion  and  displacement  corrections  were  utilized  to  maintain  required 
relative  model  locations.  Horizontal-plane  corrections  were  removed 
from  the  CTS  drive  equations  in  order  to  center  the  Q  +  ET  between  the 
two  SRB's  and  reduce  asymmetry  effects.  This  was  done  for  each  simulated 
BSM  condition  until  all  requirements  for  one  manual  setting  of  the  SRB's 
and  the  separation  rig  were  fulfilled.  At  this  time,  new  settings  were 
made  and  the  procedure  was  repeated.  Isolated  0  +  ET  data  were  obtained 
while  model  changes  were  in  progress.  It  should  be  noted  that  parent 
model  motion  is  typically  not  permitted,  for  safety  considerations,  when 
the  CTS  is  located  elsewhere  than  the  stowed  position.  However,  addi¬ 
tional  safety  features  were  incorporated  into  the  SRB  position  controller 
such  that  when  model  collisions  did  occur,  the  internal  ground  loop 
circuit  was  completed  and  all  motor  drive  power  was  disengaged*  thus 
preventing  damage  to  the  models.  Extensive  pretest  checkout  was  per¬ 
formed  to  verify  this  circuitry. 


BSM  simulation  at  chamber  pressures  of  0  (DEL-XR*1 00 ,  only),  900, 
1200  (ALP-OT  -  BETA-OT  -0.0  deg),  and  1500  psia  was.,  typical.  At  some 
relative  model  positions,  however,  a  zone  of  instability  existed  where 
severe  model  vibration  occurred,  particularly  at  chamber  pressures  of 
1500  psia.  When  this  phenomenon  presented  itself,  chamber  pressures 
were  Immediately  reduced  to  1000  psia.  Data  were  then  obtained  at  every 
100  psia  increment  until  the  onset  of  model  vibration.  For  data  at 
ALP-OT  *  BETA-OT  ■  10.0  deg  and  chamber  pressure  1500  psia,  tunnel 
blockage  with  associated  loss  of  flow  was  encountered.  The  maximum 
allowable  chamber  pressure  was  reduced  to  1300  psia  for  data  at  this 
attitude. 

For  Phase  II  testing,  the  required  test  procedures  were  signifi¬ 
cantly  simpler.  The  0  +  ET  was  mounted  on  the  lower  model  support  where 
manual  pitch  and  support  rig  yaw  and  vertical  positions  were  set  to  de¬ 
sired  attitudes.  Again,  the  CTS  was  manually  driven  to  position  the  SRB 
for  Initial  alignment.  Following  transfer  to  computer  control,  the  SRB 
was  moved  through  pre-programmed  grid  sequences  providing  relative  axial, 
vertical,  lateral,  pitch,  and  sideslip  separations  from  the  0  <1-  ET.  This 
process  was  typical  for  each  Q  +  ET  attitude.  Isolated  SRB  data  were 
obtained  during  modal  changes. 


3.2.2  Data  Acquisition 

As  described  in  Section  3.2.1,  data  were  taken  in  the  grid  mode  of 
operation  using  the  CTS  and  tunnel  data  systems.  The  data  were  obtained 
at  finite  values  of  0  +  ET  (Phase  I)  or  SRB  (Phase  II)  position  and 
attitude.  Each  data  point  represents  ten  data  samples  averaged  to 
obtain  a  single  value.  The  ten  samples  obtained  from  the  CTS  and  tunnel 
data  systems  were  taken  over  a  time  span  of  0.320  and  0.208  sec, 
respectively. 

3.3  DATA  REDUCTION 

The  model's  static  stability  data  were  obtained  utilizing  the  CTS 
and  tunnel  data  acquisition  systems  as  described  in  Section  3.2.  The 
force  and  moment  measurements  were  reduced  to  coefficient  form  using  the 
averaged  data  points  and  correcting  for  first  and  second  order  balance 
interaction  effects.  Aerodynamic  coefficients  were  also  corrected  for 
model  tare  weight,  balance-sting  deflections,  and,  where  applicable,  BSM 
thrust  loads.  Model  attitude  and  tunnel  stilling  chamber  pressure  were 
also  calculated  from  averaged  values.  _ 

Model  force  and  moment  coefficients  are  presented  in  the  body  axis 
system.  SRB  pitching  and  yawing  moment  coefficients  are  referenced  to 
a  point  on  the  model  centerline  which  was  10.585  in.  aft  of  the  nose. 

0  +  ET  moment  reference  point  was  located  0.500  in.  above  the  ET's 
longitudinal  centerline,  7.745  in.  aft  of  the  ET  nose.  Orbiter  model 
body  length  (12.903  in.)  and  wing  area  (38.736  in. 2)  were  used  as  the 
reference  length  and  area  for  all  model  force  and  moment  coefficients. 


During  the  pressure  calibration,  discussed  in  Section  3.2,  the 
following  correlations  between  sting  and  chamber  pressures  were 
obtained: 

PCHFR  «  PCHAR  =  0.9569  •  PSR 
PCHFL  =  PCHAL  =  0.9626  •  PSL 

Thrust  produced  by  BSM  simulation  was  subtracted  from  SRB  totnL 
balance  loads  to  obtain  the  aerodynamic  loads.  The  calibrations  were 
evaluated  from  individual  SRB  data  runs  using  a  linear  least-squares 
curve  fit.  Curve  fit  coefficients  were  determined  for  each  thrust 
component  for  the  two  SRB’s  as  a  function  of  sting  pressure.  The 
nomenclature  describes  use  of  the  curve  fit  coefficients  (see  below) 
for  resolving  thrust  and  aerodynamic  loads  from  total  measured  balance 
loading. 

LEFT  SRB  RIGHT  SRB 


PHI-BL*=0.0 

PHI-BL=3 .0 

PH1-BR=0.0 

PHI-BR-3, 

Ao 

0.3584440 

0.2083180 

A8 

0.6973800 

0.2030560 

A1 

-0.0328247 

-0.0321087 

A, 

-0.0324081 

-0.031 5005 

A2 

-0.3009130 

-0.1272030 

A10 

-0.7035660 

-0.1996460 

A3 

-0.0609367 

-0.0594144 

A11 

-0.0576084 

-0.0560194 

\ 

0.0482443 

0.1542480 

A1 2 

-0.2267810 

-0.1577710 

A5 

-0.0121350 

-0.0139028 

A1 3 

0.0123690 

0.0141093 

A6 

-0.0633086 

0.6025380 

A1 4 

-0.3263960 

-0.2118  l>60 

A7 

-0.0231435 

-0.0260361 

A1 5 

0.0273331 

0.0298595 

Relative  position  between  the  0  +  ET  and  SRB(s)  was  given  in  1 j 1 1  — 
scale  vehicle  inches.  Figure  9  describes  the  sign  convention  for  all 
separation  parameters. 

BSM  mass  flow  was  computed  as  a  percentage  of  the  supply  system 
mass  flow  rate  for  each  SRB  ratioed  to  the  left  and  right  sting  pres¬ 
sures. 

3.4  UNCERTAINTY  OF  MEASUREMENTS 

In  general,  instrumentation  calibrations  and  data  uncertainty  esti¬ 
mates  were  made  using  methods  recognized  by  the  National  Bureau  of 
Standards  (Ref.  4).  Measurement  uncertainty  is  a  combination  of  bias  and 
precision  errors  defined  as: 

U  *  t(B  +  t95S) 

where  B  is  the  bias  limit,  S  is  the  sample  standard  deviation,  and  t„s 
is  the  95th  percentile  point  for  the  two-tailed  Student’s  "t"  distri¬ 
bution,  (95-perceut  confidence  interval)  which  for  sample  sizes  greater 
than  30  is  taken  equal  to  2.  _ 

I  Reproduced  (rom~ ~ 
beit  eveileble  copy. 
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Estimates  of  the  data  uncertainties  in  the  basic  measurements  of 
this  test  are  given  in  Table  3a.  With  the  exception  of  the  force  and 
moment  balance,  data  uncertainties  are  determined  from  in-place  cali¬ 
brations  through  the  data  recording  system  and  data  reduction  program. 
Static  load  hangings  on  the  balance  simulate  the  range  of  loads  and 
center-of-pressure  locations  anticipated  during  the  test,  and  measure¬ 
ment  errors  are  based  on  differences  between  applied  loads  and  corre¬ 
sponding  values  calculated  from  the  balance  equations  used  in  the 
data  reduction.  Load  hangings  to  verify  the  balance  calibration  are 
made  in  place  on  the  assembled  model. 

Propagation  of  the  bias  and  precision  errors  of  measured  data 
through  the  calculated  data  are  made  in  accordance  with  Ref.  6  and 
the  results  are  given  in  Table  3b. 

4.0  DATA  PACKAGE  PRESENTATION 

The  data  package  contains  tabulated  Orbiter/External  Tank  and 
SRB  model  aerodynamic  force  and  moment  data.  Tabulated  tunnel  condi¬ 
tions,  position,  and  BSM  mass  flow  (Phase  I)  data  are  also  included. 
The  measured  SRB  model  force  and  moment  data  from  Phase  I  provides 
both  total  coefficients  (aerodynamic  and  thrust)  as  well  as  aero¬ 
dynamic  coerf lclents.  Sample  tabulations  are  given  in  Appendix  III. 

To  facilitate  comparison  of  IA193  test  data  with  data  from  previous 
test  entries,  data  run  numbers  were  not  duplicated.  The  data  runs  for 
IA193  were  begun  at  Run  3000. 

Data  considered  to  be  incorrect  were  deleted  from  the  data 
package.  Nonpertinent  individual  parameters  within  a  run  were 
suppressed  from  tabulation.  For  example,  SRB  aerodynamic  and  mass 
flow  data  were  suppressed  during  isolated  0  +  ET  runs. 

To  aid  sorting  routines  of  NASA  and  RI  for  hypercube  data,  a 
grid  numbering  scheme  was  devised  which  identifies  individual  hyper- 
cube  corners.  An  explanation  of  this  technique  is  given  in  Table  h 
and  corresponds  to  all  runs  with  data  type  equal  1  (HYPC,  on  tabulated 
data) . 

Other  data  types  are  categorized  by  the  following,  where  thi 
mnemonics  on  the  tabulated  data  are  given  in  parentheses,  (  )  and 
the  numeric  categorization  is  supplied  on  the  magnetic  data  tape. 
Trajectory  data  are  designated  data  type  2  (TRAJ);  Asymmetric,  Phase 
I,  runs  are  data  type  3  (ASYM) ;  isolated  0  +  ET  or  SRB  runs  are  data 
type  4  (ISOL);  and  data  type  5  (MOOT)  represents  thrust  calibrations. 

Sample  verification  plots  providing  comparison  of  previous  ;ru 
present  test  data  as  well  as  hypercube  data  repeatability  are  giv.-n 
in  Fig.  10. 
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Figure  6.  Phase  II  Test  Installation  Sketch 


Figure  9.  Sign  Convention 


TABLE  1.  Data  Transmittal  Summary 


The  following  items  were  transmitted  to  the  User  and  Sponsor. 


User 


Sponsor 


H.  S.  Dresser,  AC07 
Rockwell  International 
12214  Lakewood  Blvd. 
Downey,  CA  90241 


M.  K.  Craig,  EX4 3 
NASA/JSC 

Houston,  TX  7 7050 


Item 


No. of  Copies 


Final  Tabulated  Data* 

Phase  1-6  volumes  1 

Phase  II  -  3  volumes  1 

Thrust  Tares  -  1  volume  1 

Plotted  Thrust  Tare  Data  1 

w/curve  fits 

Final  Data  Microfilm  1 

Magnetic  Data  Tape4"  1 


w/format  and  sample  listing 

70  mm  Color  Schlieren  Stills*  2  contact  prints 

l  dup.  negative 

16mm  Color  Schlieren  Movies  1  work  print 

1  optical  master 


No.  of  Copies 


1 

1 

1 

1 


1 


l  contact  print 
1  dup.  negative 

1  work  print 


Flowfield  Photographir  Log*  1 


1 


*  C.  Dill,  ED 32 
NASA/MS FC 

Huntsville,  AL  35812 


+  J .  E .  Vaughn 

Chrysler  Data  Management  System 
102  Wynn  Drive 
Huntsville,  AL  35805 


Receives  same  distribution  as  Sponsor 


Receives  magnetic  tape  only 


TABLE  2.  CTS  Motion  Capabilities  in  Tunnel  A 


MOTION 

MAXIMUM1 

TRAVEL  LIMITS 

MAXIMUM2 

RATE  OF  TRAVEL 

EC 

±20  in. 

1.2  in. -sec  1 

zc 

±15  in. 

1.2  in. -sec  3 

ETAC3 

±25  deg 

2.7  deg-sec-1 

YAWC3 

±45  deg 

10.4  deg-sec”1 

ALPHAC 

±45  deg 

11 . 7  deg-sec  3 

PHICB 

±180  deg 

20.5  deg-sec-1 

NOTES;  1.  Travel  limits  are  set  up  for  each  test  as  a  function 
of  model  location  in  the  tunnel  and  the  test  require¬ 
ments. 

2.  Rates  are  continuously  variable  up  to  the  values  shown 
and  can  be  computer  controlled  to  allow  all  drives  to 
reach  a  commanded  point  simultaneously. 

3.  YAWC  and  ETAC  combine  to  provide  a  lateral  motion  of 
±15  in. 


Note:  Balance  Load  Ranges  t roa  Check  Calibration 
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Precision  Index  Bias  Uncertainty 
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>bernethy,  r.  b.  et  al.  and  Thompson,  J.  R.  "Handbook  Uncertainty  in  Gas  Turbine  Measurements 
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Note:  Force  and  aonent  coefficient  uncertainties  given  for  Mach  A. 5  only. 

Linear  position  uncertainties  In  full  scale  Inches.  Angular  positions  are  in  degrees. 


TABLE  4  .  Test  Summary  -  Phase  I 


TABLE  u  .  Continued 
a.  Concluded 
DEL-XR  -  200 


TABLE  4 .  Continued 
b .  Isolated  O+ET^ 


BBIA-OT 


ALP-OT 


-10.0 

-8.0 

-6.0 

-4.0 

-2.0 

0.0 

2.0 

4.0 

6.0 


-10.0  to  +10.0 
In  2.0  deg  increments 


8.0 

10.0 


c. 


Asymmetry 


1.6 


ALP-OT 

BETA-OT 

EE3E3I 

DEL-ZR 

DEL-AR 

DEL-BR 

0.0 

-0.5 

100 

60 

100 

-2.5 

-0.5 

-1.0 

200 

120 

190 

-5.0 

-1.0 

ALP-OT 

BETA-OT 

DEL -XL 

del-zl 

DEL-AL 

DEL-BL 

IB 

100 

mgm 

105 

-3.0 

1.5 

WW 

200 

1 

235 

-6.0 

3.0 

3 


TABLE  4 .  Concluded 


e.  TesC  Summary  Notes 

1.  All  matrices  executed  at  Mach  4.5,  Re/ft  1.5-mllllon  except  the  trajectory 
matrix  which  was  accomplished  at  Mach  4.0,  Re/ft  1.3-million. 

2.  Hypercube  matrix  testing  accomplished  at  the  following  0+ET  attitudes 
and  BSM  chamber  pressures: 


ALP-OT  BETA-OT  Chamber  pressure,  psia 


0.0 

0.0 

0(DEL-XR-100  only),  900, 

1200,  1500 

0.0 

10.0 

0(DEL-XR«100  only),  900, 

1500 

10.0 

0.0 

10.0 

10.0 

-10.0 

0.0 

-10.0 

0.0 

4.0 

5.0 

-4.0 

5.0 

1 

> 

At  some  test  points  with  BSM  chandler  pressure  of  1500  psia,  model 

vibrations  were  experienced  and  intermediate  chamber  pressures 

(zlOOO  psia)  were  selected.  See  detailed  test  run  log  accompanying  FDP. 

3.  Mated  vehicle  (DEL-XR-DEL-YR-DEL-ZR«DEL-AR-DEL-BR«DEL-PR»0 . 0)  tested 
at  all  conditions  specified  in  Item  2. 

4.  Position  and  attitude  variables  specified  for  right  SRB;  left  SRB  is 
similar. 

5.  Center  hypercube  points:  E.O.  is  space  shuttle  main  engine  (SSME) 
engine  out. 

6.  Asymmetry  matrix  testing  accomplished  at  BSM  chamber  pressures  of  0, 

900,  1200,  1500  psia. 

7.  Trajectory  matrix  testing  accomplished  at  BSM  chamber  pressure  of  1200 
psia  only. 


CUBE 


CORNER 

NO. 


DEL-YR 


•II 


K>  SO  N>  M>  ro 


TABLE  5 .  Continued 


Center(one  E.O.) 


350 


600 


15.0 


-8.0 


TABLE  5.  Continued 
c.  Trajectory^" 


TABLE  5.  Concluded 


d.  Test  Summary  Notes 


All  matrices  executed  at  Mach  4.5,  RE/ft  1.5-million. 

Trajectory  matrix  also  accomplished  at  Mach  4.0,  RE/ft  1.3-  million. 


Hyper cube  matrix 

(unless  otherwise 

testing  accomplished  at 

noted) : 

the  following  0-HBT  attitudes 

ALP-OT 

BETA-OT 

ALP-OT 

BETA-OT 

0.0 

0.0 

-10.0 

10.0 

0.0 

10.0 

—10.0 

-10.0 

0.0 

-1Q.0 

4.0 

5.0 

10. Q 

0.Q 

4.0 

-5.0 

10. Q 

1Q.0 

-4.0 

5.0 

10.0 

-10.0 

-4.0 

-5.0 

-10.0  0.0 

Mated  vehicle  (DEL-XR*DEL-YR*DEL-ZR*DEL-AR"DEL-BR”DEL-PR*0 . 0)  tested 
at  all  attitudes  specified  in  Item  2. 

Center  frypercube  points:  E.O,  is  space  shuttle  main  engine  (SSME)  engine 


TABLE  6 .  Continued 
a.  Concluded 


The  sub-grid  correlation  to  hypercube  corner  is  provided  by  the  following: 


GRID 

r-  -i — - — — i 

SUB-GRID*! 

CORNER 

SUB-GRID* 

CORNER 

NO. 

NO. 

‘DEL- 

•XR 

CUBE 

NO. 

,  NO. 

1 

NO. 

DEL- 

XR 

CUBE 

.  . 

NO. 

xx6 

01 

200.0 

OUTER 

3 

xx  7 

05 

200.0 

CENTER 

No  E.O. 

02 

4 

06 

100 

.0 

OUTER 

9 

03 

7 

07 

! 

10 

04 

8 

08 

13 

05 

11 

09 

7 

14 

06 

12 

10 

INNER 

5 

07 

15 

10.2 

1 

08 

f 

16 

11 

6 

09 

3 

11.2 

2 

10 

4 

12 

13 

11 

7 

12.2 

9 

12 

8 

13 

14 

13 

11 

13.2 

10 

14 

12 

14 

CENTER 

No  E.O. 

15 

15 

1 

15 

CENTER 

One  E.O. 

16 

’ 

16 

xx8 

01 

200.0 

1 

17 

INNER 

7 

02 

■ 

■ 

2 

17.2 

3 

03 

■ 

■ 

5 

18 

8 

04 

■ 

■ 

6 

18.2 

4 

05 

m 

■ 

9 

19 

15 

06 

— 

19.2 

11 

07 

■ 

is 

20 

16 

08 

m 

■ 

T 

20.2 

> 

12 

09 

n. 

xx7 

01 

200.0 

3 

09.2 

5 

01.2 

10 

2 

02 

10.2 

6 

02.2 

11 

9 

03 

11.2 

13 

03.2 

12 

||H 

04 

12.2 

r 

f 

■ 

04.2 

1 

13 

100.0 

OUTER 

1 - 1 

14 

2 

15 

5 

_ 

16 

' 

r 

6 

*Data  point  number  (n)  is  equal  1,  unless  otherwise  noted. 
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TABLE  6.  Continued 
b .  Phase  II 


Basic  Format:  xxy-z.nn 

where  the  grid  number  (xxy) , 

xx  ■  (ALP-OT ,  BETA-OT)  combination 
y  ”  DEL-XR 

the  sub-grid  number  (zz), 

z  *  (DEL-ZR,  DEL-AR,  DEL-YR,  DEL-BR)  combination(s)  for  each 
hypercube  corner 

and  nn  is  the  data  point  number  of  the  sub-grid. 

EXAMPLE:  024-4.01 


ALP-OT 
BETA-0 
DEL— XR 
DEL-ZR 
DEL-AR 
DEL-YR 
DEL-BR 


OT  «  0.0  *1 

,-OT  -  +10.0 
XR  -  1100.0  J 


see  table  below 


see  TABLE  5a 


The  primary  grid  classifications  are  given  as  follows: 


ALP-OT  BETA-0T 


GRID*.  GRID+  •  GRI 

XR  NO.  ALP-OT  BETA-OT  DEL-XR  NO.  ALP-OT  BETA-OT  DEL-XR  NO 


4.0  5.0 


4.0  -5.0 


0.0  0.0  100  011  0.0  -10.0  100  061*  -4.0  5.0  10< 

300  012  I  300  062  30l 

600  013  600  063  601 

, ,  1100  014  I  1100  064  110( 

1700  015  I  1700  065  170< 

0.0  10.0  100  021*  -10.0  -10.0  100  071*  4.0  5.0  101 

300  022  I  300  072  30< 

600  023  600  073  601 

1100  024  I  1100  074  110< 

1700  025  *  1700  075  1701 

LO.O  10.0  100  031*  -10.0  0.0  100  081*  4.0  -5.0  10< 

300  032  I  300  082  30< 

600  033  6°0  083  60i 

1100  034  I  1100  084  110i 

1700  035  T  1700  085  T  170i 

LO.O  0.0  100  041*  -10.0  10.0  100  091*  -4.0  -5.0  10< 

300  042  300  092  30i 

600  043  600  093  60 

1100  044  1100  094  110' 

f  1700  045  1700  095  1701 

LO.O  -10.0  100  051* 

300  052 

600  053 

1100  054 

'  1700  055 

Grid  numbers  xxO  are  mated  position  at  each  (ALP-OT,  BETA-OT)  combination 
Grids  not  used.  NOTE:  Grids  xxl: DEL-XR  -  100  xx4: DEL-XR  -  110 

xx2: DEL-XR  ■  300  xx 5: DEL-XR  »  170 

xx3: DEL-XR  »  600  e£ 


-4.0  -5.0 


TABLE  6 .  Concluded 


b .  Concluded 

The  sub-grid  correlation  to  hypercube  corner  Is  provided  by  the  following 


GRID  NO. 

SUB-GRID  NO. 

CUBE 

CORNER  NO.* 

Oil 

5.01-5.08 

INNER 

8-1 

xxy 

1.01-1.04 

OUT 

ER 

16-13 

2.01-2.04 

12-9 

3.01-3.04 

8-5 

4.01-4.04 

1 

4-1 

5.01-5.16 

INNER 

16-1 

6.01 

CENTER 

No  E.Q. 

7.01 

CENTER 

One  E.O. 

*  Hypercube  corner  numbers  listed  are  Inclusive  decreasing  sequentially 
(i.e.,  16,  15,  14,  13,  ...  3,  2,  1). 
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Sample  1.  Continued 
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